1. Definitions of sex differences {#sec1}
=================================

Sex differences refers to all differences between male and female, including metabolism, gene expression, dosage compensation, cellular differentiation, anatomical structures, behaviors, stress responses and life span. The related term sexual dimorphism has traditionally been used to refer to morphological differences between the sexes, but more recently has also been used to refer to all sex differences. Sexual differentiation refers to the development and maintenance of sex differences. Mechanisms for sexual differentiation vary across species, and include inheritance of sex chromosome, inheritance of sex-regulatory alleles, and environmental inputs.

2. Mechanisms of sexual differentiation and dosage compensation {#sec2}
===============================================================

A common mechanism for sex determination is inheritance of sex chromosomes. For example, in Drosophila and human, X/X determines female and X/Y determines male ([Fig. 1](#fig1){ref-type="fig"}). In contrast, birds use a ZW system, where females are Z/W and males are Z/Z. In *C. elegans*, X/X determines the hermaphrodite, and X/O (presence of only one X chromosome) determines the male. In other species, such as the copepod *Tigriopus californicus*, there are no specific sex chromosomes, and sex is determined by the inheritance of multiple male-promoting and female-promoting segregating alleles, located on multiple chromosomes \[[@bib1]\]. Finally, in many species, environmental inputs play a regulatory role in sex determination. For example, temperature dependent sex determination is often observed in reptiles and fish \[[@bib2]\].Fig. 1Sex determination and dosage compensation in Drosophila and human. The sex determination and dosage compensation pathways are outlined for Drosophila and human, with an emphasis on similarities. LncRNAs and the conserved PcG proteins (indicated in green font) function to regulate X-linked gene expression and dosage compensation in both species. Similarly, the conserved *doublesex*-related transcription factor (indicated in blue font) promotes male cell differentiation in both species. (A) In Drosophila males, the male-specific-lethal complex (MSL) interacts with lncRNA roX and PcG proteins to activate gene expression along the X chromosome, thereby contributing to dosage compensation. The *double-sex* (*dsx*) and *fruitless* (*fru*) gene transcripts splice in the default male mode, thereby yielding the male isoform of each transcription factor. These male isoforms of Dsx and Fru then direct male somatic cell differentiation. The steroid hormone ecdysone further regulates spermatogenesis. (B) In Drosophila females, the lncRNAs R1 and R2 interact with PcG proteins to activate expression of the *Sex-lethal* gene (*Sxl*). Sxl protein interacts with partner UNR to inhibit the translation of the male-specific lethal (MSL) subunit MSL2 (as indicated by red t-bar). Because the MSL complex is not formed, it does not activate X chromosome gene expression in the female, and this limited X chromosome gene expression contributes to dosage compensation. Sxl protein regulates splicing of the *transformer* (*tra*) gene, and the resultant Tra protein in turn regulates splicing of *dsx* and *fru* gene transcripts in the female mode, to produce the female isoform of each transcription factor. These female isoforms of Dsx and Fru then direct female somatic cell differentiation. Tra protein also acts through an unknown mechanism (indicated by question mark) to regulate additional gene expression and female somatic cell differentiation. The steroid hormone ecdysone further regulates oogenesis. (C) In human males, the SRY gene on the Y chromosome activates expression of the SOX9 gene. SOX9 activates DMRT1 and inhibits FOXL2, thereby shifting the balance in activity between these two mutually-antagonistic factors towards DMRT1. DMRT1 promotes male cell differentiation. Male cell differentiation yields greater production of male-biased hormones, including testosterone, which further promotes male cell differentiation and spermatogenesis. (D) In human females, the lncRNA Xist interacts with PcG proteins to inactivate gene expression in *cis* along one X chromosome (Xi, as indicated by curved red t-bar). On the other X chromosome, Xist is not expressed, and gene expression remains active (Xa). The balance of activity between DMRT1 and FOXL2 favors FOXL2, which in turn promotes female cell differentiation. Female cell differentiation yields greater production of female-biased hormones, including estrogens, which further promotes female cell differentiation and oogenesis. (E) In Drosophila, several X-linked genes show incomplete dosage compensation and female-biased expression. (F) In human females, numerous X-linked genes "escape" from X-inactivation to varying degree, resulting in female-biased expression (indicated by single asterisk). Additional X-linked genes show female-biased expression in certain studies, that may or may not be related to the X-inactivation mechanism (indicated by double asterisk). The genes presented are limited to examples that fall under the general functional categories "Ubiquitin/proteasome", "Autophagy" and "Mitochondria/ROS/apoptosis". (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Species with sex chromosomes have a different gene dosage between the sexes. For example, human and Drosophila females have two copies of each X chromosome gene, whereas males of each species have only one copy. These species exhibit dosage compensation mechanisms to equalize gene expression levels between the two sexes, and therefore dosage compensation is one aspect of sexual differentiation ([Fig. 1](#fig1){ref-type="fig"}). Recent studies reveal that dosage compensation mechanisms have several similarities across species, including regulation by a master switch gene *(*X-inactive specific transcript*, XIST,* in human, and *Sex-lethal* in Drosophila), that is in the on-state in females, and in the off-state in males \[[@bib3]\]. These switch genes regulate pathways that limit X chromosome gene expression in the female. In Drosophila, the switch gene on/off state also regulates other aspects of sexual differentiation, including morphological differences.

Traditionally, in humans and other mammals, female differentiation was thought to be the default state, while male differentiation was determined by the presence of the sex-determining region Y (SRY) gene, located on the Y chromosome. However, recent studies reveal that human sex determination is regulated at the level of the cell by the balance of transcription factors, including the doublesex- and mab-3 related transcription factor 1 (DMRT1) and the SRY-related HMG-box 9 (SOX9) transcription factor (both male-promoting), and the forkhead box protein L2 (FOXL2) transcription factor (female-promoting). These factors continue to be required to maintain cellular sexual identify in the adult \[[@bib4],[@bib5]\]. In females, several factors favor FOXL2 activity, whereas in males the powerful SRY modifier favors DMRT1 and SOX9 activity. Notably, DMRT1-related genes are involved in male sex determination across multiple species, including Drosophila (*doublesex), C. elegans* (*male abnormal 3*, *Mab-3*), and Zebrafish (*Dmrt1)* \[[@bib6]\], consistent with partial conservation of sex determination mechanisms \[[@bib3],[@bib7]\]. Intriguingly, the stress response gene growth arrest and DNA-damage-inducible protein GADD45 gamma (GADD45G) is required for male sexual differentiation in mice, through activation of the oxidative stress-response factor p38 mitogen-activated protein kinase (p38MAPK). P38MAPK activates transcription factor GATA4, which is required for expression of SRY \[[@bib8],[@bib9]\]. Consistent with these observations, the mouse gene mitogen-activated protein kinase kinase 4 (*MAP3K4*) is required for *SRY* activation and male sexual differentiation \[[@bib10],[@bib11]\]. These data implicate greater oxidative stress levels in male cells as a contributor to mammalian male sex determination, through activation of MAPK signaling; conceivably this may be related to mother\'s curse, as discussed below.

Several studies reveal how genotypic and environmental ques can converge in sex determination. In many species with defined sex chromosomes, environmental temperature acts as the predominant determinant of sex, and again this involves tipping the balance of transcription factor activities \[[@bib12],[@bib13]\]. For example, in the turtle, *Dmrt1* expression is a primary determinant of sex. Turtle *Dmrt1* is highly expressed at male-producing temperatures (\~26 °C), and shows lower expression at female-producing temperatures (\~32 °C) \[[@bib14]\]. Conversely, alterations in genotype can sometimes override temperature determination of sex. In the turtle, downregulation of lysine demethylase 6B (KDM6B) was shown to suppress *Dmrt1*, resulting in female determination (albeit in embryos subjected to male-favored temperatures) \[[@bib15]\]. Finally, studies with *P. vitticeps* provided the first demonstration of a naturally occurring sex reversal, which in turn enabled the experimental transition from a primarily genotypic to a temperature-dependent sex determination system \[[@bib16]\], illustrating the evolutionary fluidity between these sex determination mechanisms.

In each of the species, once sex is determined (at least partly) at the level of individual cells, these cells produce hormones, including steroid and steroid-like hormones, that further promote differentiation of both male and female ([Fig. 1](#fig1){ref-type="fig"}). These differences in gene expression and hormone levels between the sexes are found to contribute to sex-differences in stress response, including a general female advantage in cellular stress resistance.

3. Sex chromosome gene dosage and X-linked gene mutations {#sec3}
=========================================================

Sex chromosome gene dosage has several implications for sex differences in stress response. In species where males have only one X chromosome, any X-linked mutations will be expressed (the "unguarded X″) \[[@bib17],[@bib18]\], whereas in females, the second X chromosome may contribute a wild-type copy of the gene and the phenotype will not be expressed. The preferential expression of X-linked mutations in males might possibly contribute to less effective stress response in males.

4. Sex chromosome gene dosage and X-linked gene expression {#sec4}
==========================================================

In both humans and rodents, numerous X-linked genes "escape" from X-inactivation to varying degrees, leading to increased expression of these genes in the female relative to the male \[[@bib19], [@bib20], [@bib21]\]. Several of the human genes that escape X-inactivation encode proteins involved in the regulation of protein turnover, autophagy, redox state and apoptosis, and are potentially relevant to sex differences in stress response ([Fig. 1](#fig1){ref-type="fig"}). For example, ubiquitin-like modifier activating enzyme 1 (UBA1) catalyzes the first step in ubiquitination, resulting in the targeting of proteins for degradation by the proteasome. UBA1 is responsible for the majority of protein ubiquitination in humans \[[@bib22]\]. Studies in cultured human cells indicate that dehydrogenase/reductase (short-chain dehydrogenase family) X-linked (DHRSX) is a positive regulator of starvation-induced autophagy \[[@bib23]\]. Similarly, FUN14 domain containing 1 (FUNDC) is an outer mitochondrial membrane protein that marks mitochondria for destruction by autophagy (mitophagy) \[[@bib24]\]. FUNDC-regulated mitophagy is reported to protect mammalian nerve cells from hypoxia-induced apoptotic cell death, and to protect cardiomyocytes from ischemia/reperfusion induced apoptotic cell death \[[@bib25],[@bib26]\]. FUNDC is also reported to interact with heat shock cognate 71 kDa protein (HSC70) to facilitate import of cytosolic proteins into the mitochondrial matrix, where they are subsequently degraded by the Lon peptidase 1 mitochondrial (LONP1) protease \[[@bib27]\]. Solute carrier family 25 member 6 (SLC25A6) is a subunit of the mitochondrial ATP/ADP transporter, which is implicated in regulation of apoptosis and the etiology of muscular dystrophy and cancer \[[@bib28]\]. Fibroblast growth factor 13 (FGF13) encodes an intracellular growth factor, which is implicated in the sensing of heat, as well as enhancing axonal mitochondrial function and regeneration after spinal cord injury \[[@bib29],[@bib30]\]. X-linked genes have also been implicated in sex-differences in immune response*.* Cluster of differentiation 40 ligand (CD40LG) shows variable escape from X*-*inactivation, and encodes a ligand for the CD40 receptor involved in activation of T-cells and B-cells. O-GlcNAc transferase (OGT) has been reported to show a female bias in expression \[[@bib21]\]; OGT targets include p53, HSPs, and several pro-inflammatory regulators \[[@bib31]\]. CD40LG and OGT are implicated in conferring a beneficial immune advantage to women relative to men, but may also be involved in the increased incidence of autoimmune disorders in women \[[@bib32]\], and conceivably might contribute to other female-biased diseases involving immune response, such as Alzheimer disease. Also among the X-linked genes in humans are two that encode key stress response proteins: Glucose-6-phosphate dehydrogenase (G6PD) is a primary producer of reducing equivalents required for oxidative stress resistance, and X-linked inhibitor of apoptosis protein (XIAP) is an inhibitor of apoptosis. Whereas these two genes have not been identified as escaping from X-inactivation, increased expression of G6PD is implicated in the greater resistance of female mouse pre-implantation embryos to heat stress relative to male embryos \[[@bib33]\], and XIAP is implicated in conferring increased resistance to ischemic brain injury in female mice relative to male mice \[[@bib33],[@bib34]\].

The Y chromosome is implicated in regulation of stress response in several ways. In rodents, SRY has been found to directly regulate expression of catecholamine pathway genes in the brain, and is implicated in the preferential "fight-or-flight" stress response in males \[[@bib35]\]. SRY is upregulated in rodent models and human cell culture models of Parkinson disease, and experimental downregulation of SRY decreased the male bias in neurodegeneration phenotype in a rat model of Parkinson disease \[[@bib36]\]. Also in mice, the Y chromosome was protective against hypoxia-induced pulmonary hypertension, independent of gonadal hormones \[[@bib37]\].

Escape from dosage compensation is also observed in Drosophila, where several genes show female-biased expression proportional to the number of X chromosomes ([Fig. 1](#fig1){ref-type="fig"}). For example, the conserved gene *Myc* is not dosage compensated, and its greater expression in females leads to greater cell growth and contributes to the larger size of females relative to males \[[@bib38]\].

Finally, as a result of sexual differentiation, numerous genes on the autosomes are expressed in a sex-biased manner in humans and Drosophila, and are likely to contribute to sex differences in stress resistance \[[@bib39], [@bib40], [@bib41], [@bib42]\].

5. Sexual antagonistic pleiotropy (SAP) and mother\'s curse {#sec5}
===========================================================

In humans, gene alleles segregating in the population are thought to contribute to disease, including sex-biased diseases such as cancer \[[@bib43]\] and neurodegenerative disease \[[@bib44],[@bib45]\]. These deleterious alleles are thought to be maintained in the population in part due to sex-specific selective pressures \[[@bib7], [@bib46]\]. Gene alleles can be selected for and maintained in the population because they have a benefit for one sex, despite the fact that the same allele may have a deleterious effect in the other sex; therefore, these are genes that exhibit sexual antagonistic pleiotropy (SAP). Consistent with this idea, segregating alleles of certain stress response genes show sex-specific effects in humans. For example, a reduced-activity allele of *p53* was associated with increased life span in women but not men \[[@bib47]\]. Similarly, an allele of the *p53* regulatory factor gene mouse double minute 2 homolog (MDM2) increased cancer in women not men, whereas in *p53* mutation carriers, the *p53* PIN3 polymorphism increased cancer in men but not women \[[@bib48],[@bib49]\]. Similarly, the FOXO-family gene FOXO3 is an important regulator of stress response, and several segregating alleles of FOXO3 are associated with longevity in humans \[[@bib50],[@bib51]\].

The gene composition of the sex chromosomes illustrates sex-specific selection. For example, in organisms with X/Y sex determination, such as humans and Drosophila, the Y chromosome is inherited only through the male, and therefore Y chromosome genes are optimized only for function in the male. Consequently, Y chromosome genes are typically involved in male-specific functions such as spermatogenesis and male sex determination \[[@bib52]\]. In contrast, X chromosome genes are expected to be under greater female selection. Because females have two X chromosome and males have only one, X-linked genes spend twice as much time under selection in females relative to males. Consistent with this, the X chromosome is enriched for genes that are highly expressed in females in Drosophila, nematodes and mice \[[@bib53], [@bib54], [@bib55]\]. In Drosophila, genes that regulate oogenesis and sex determination are over-represented on the X chromosome, whereas genes involved in spermatogenesis and apoptosis are under-represented, consistent with sex differences in selection for gametogenesis and apoptosis regulation \[[@bib7]\].

One special example of sexual antagonistic pleiotropy involves heterogametic species (with egg and sperm), where the mitochondrial genome is preferentially inherited from the mother through the egg. This means that natural selection can only act in females to optimize mitochondrial gene functions and mitochondrial-nuclear gene interactions. As a result, the mitochondria are expected to be less optimized for function in the male relative to the female, and mitochondrial gene alleles are expected to accumulate that may be preferentially detrimental to the male (called the Frank and Hurst hypothesis, or "mother\'s curse") \[[@bib56],[@bib57]\]. The resultant sub-optimal function of mitochondria in males may contribute to the increased oxidative stress markers observed in males, as well as sex differences in stress response and apoptosis. Natural selection is expected to act in the male to select for nuclear alleles that can compensate for the male-harming mitochondrial alleles, and in the next generation, these compensatory nuclear alleles may in turn be relatively detrimental to females \[[@bib7],[@bib58]\]. Therefore, uniparental mitochondrial transmission can potentially lead to maintenance of mitochondrial and nuclear gene alleles with sexual antagonistic pleiotropy. Nuclear and mitochondrial genes with sexual antagonistic pleiotropy may contribute to sex-differences in stress response.

6. Sex ratios and deleterious SAP allele frequencies {#sec6}
====================================================

The forces discussed above can potentially lead to selection for alleles that reduce the viability of one sex, or that inhibit the sexual differentiation of one sex, leading to a distortion in the typical 1:1 sex ratio. However, there is an opposing selection for maintenance of the 1:1 sex ratio (Fisher\'s principle) \[[@bib59],[@bib60]\]. For example, if females become greater in frequency, males will have access to more mates, resulting in greater male fitness. As a result, there will be selection for parents that produce a greater number of male progeny, thereby selecting against alleles that reduce male viability and/or male differentiation. The same principles apply if males become in excess, and therefore selection tends to stabilize near a 1:1 ratio of male to female. This selection can act on both nuclear and mitochondrial alleles in females, but can act only on nuclear alleles in males. Therefore, because males are required for reproduction, Fisher\'s principle creates a limit to the extent that selection in females can favor male-harming alleles \[[@bib7]\].

7. Definitions of stress resistance and stress adaptation {#sec7}
=========================================================

Stress resistance is revealed by the relative survival of cells or organisms subjected to stress. Stress resistance can also be defined as the relative maintenance of homeostatic functions of cells and organisms upon stress. In contrast, stress adaptation (adaptive homeostasis) refers to the ability of a moderate stress to protect cells and organisms from a subsequent toxic stress, as well as the ability of exercise to favor future exercise endurance \[[@bib61],[@bib62]\]. Adaptation to oxidative stress has been extensively characterized in cultured mammalian cells, and involves Nuclear factor E2-related factor 2 (Nrf2)-dependent upregulation of proteasome subunits and the 20S proteasome \[[@bib63]\], as well as increased activity of the mitochondrial Lon protease \[[@bib64]\]; these mechanisms have also been shown to function in oxidative stress adaptation at the organismal level in Drosophila and *C. elegans* \[[@bib65],[@bib66]\]. Heat stress toxicity involves protein denaturation and aggregation, as well as oxidative stress \[[@bib67]\].

8. Sex differences in organismal stress resistance and stress adaptation {#sec8}
========================================================================

In humans, women live longer than men \[[@bib68]\], and this female life span advantage is also observed during severe famines and epidemics \[[@bib69]\], consistent with a female advantage in stress response. In contrast, women are generally more sensitive to the acute detrimental effects of heat and cold stress \[[@bib70]\]. This relative sensitivity is largely attributed to sex differences in body mass, body fat, surface area, circulating blood volume and sweat production. However, training under heat conditions leads to acclimatization (adaptive homeostasis), with women acclimatizing more quickly and effectively than men \[[@bib71],[@bib72]\]. Humans also show sex differences in the therapeutic response and toxicity to chemotherapies. Differences in liver metabolism, female cyclic levels of sex hormones, and drug bioavailability all impact patient response \[[@bib73]\], with women more prone to tissue-specific toxicities, especially with agents with shorter half-life, such as steroids \[[@bib74]\].

In mice, females were more resistant to exertional heat stress than were males, and this was associated with greater corticosteroid levels in the females under stress \[[@bib75]\]. Female mice also showed improved survival relative to male mice upon posttraumatic abdominal sepsis \[[@bib76]\]. Female rats show improved cardiac protection compared to males following trauma-induced hemorrhage, associated with estrogen-favored upregulation of cardiac-specific HSPs \[[@bib77]\]. Likewise, in a model of ischemia/reperfusion, female rats showed higher basal and post-ischemia levels of HSP72 (an inducible form of HSP70) \[[@bib78]\], suggestive of greater protection against subsequent acute oxidative stress \[[@bib79]\] which may contribute to female-favored post-ischemic survival \[[@bib80]\]. Examination of rat 'fast twitch' muscle (vastus lateralis) showed higher basal levels in males of small HSPs (HSP25 and αβ-crystallin), commonly associated with muscle repair, with no impact upon HSP70 expression levels \[[@bib81]\]. Rodents also show acclimatization to heat stress, and analysis of tissues indicates this is associated with increased basal HSF activation and HSP70 expression, increased expression of DNA repair genes, hypoxia-inducible factor 1-alpha (HIF1A) and ion channels, and altered histone acetylation \[[@bib82]\]. Studies of cultured rat cardiomyocytes show that estrogen indirectly upregulates expression of HSP72 by sequentially activating the expression of transcription factor nuclear factor-κB (NF-κB) and heat shock transcription factor-1 (HSF-1) \[[@bib83]\]. In contrast, a study of male and female rats subjected to heat stress found that cardiac tissue isolated from the male rats had higher levels of HSP72 compared to females, suggesting an inhibitory role of estrogen on activation of the heat shock response under these conditions \[[@bib84]\]. Together, these findings highlight the nuanced interplay between sex, sex-hormones, and tissue variability in regulating the heat shock response pathway.

9. Estrogen and testosterone regulate cellular oxidative and proteotoxic stress resistance {#sec9}
==========================================================================================

In women, the primary source of circulating estrogens is the somatic follicle cells of maturing oocyte follicles in the ovary ([Fig. 2](#fig2){ref-type="fig"}) \[[@bib85]\]. The most active of these circulating estrogens is 17β-estradiol, referred to here as estrogen. Estrogen binds to estrogen receptors ERα and ERβ in target cells, and the activated ERs then promote several physiological responses that can increase resistance to oxidative and proteotoxic stress. Both oxidative stress and proteotoxic stress cause cell death by activating programmed cell death (apoptosis) pathways, and therefore inhibiting apoptosis is an important mechanism for protecting cells and tissues from these stresses \[[@bib86]\]. In the cytoplasm, ERs can activate the cAMP/protein kinase A (PKA) signaling cascade to activate the cAMP response element-binding protein (CREB) transcription factor. CREB in turn can induce expression of several antioxidant proteins, including the mitochondrial superoxide dismutase MnSOD, heme-oxygenase-1 (HO-1), and the global regulator of autophagy and oxidative stress response peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) \[[@bib87], [@bib88], [@bib89]\]. The ERs can also act in cytoplasm to activate the p38 MAPK/phosphoinositide 3-kinase (PI3K)/RAC-alpha serine/threonine-protein kinase (AKT) signaling cascade, which inhibits activity of FOXO family transcription factors, including FOXO3a, thereby reducing expression of pro-apoptotic FOXO targets such as Bcl-2-like protein 11 (BIM), p53 upregulated modulator of apoptosis (PUMA) and Fas ligand (FASLG) \[[@bib90],[@bib91]\]. However, FOXO targets also include genes encoding the anti-oxidant enzymes manganese-dependent superoxide dismutase (MnSOD) and catalase (CAT), and therefore FOXO activity has context-dependent effects on oxidative stress resistance \[[@bib92],[@bib93]\]. The ERs are themselves transcription factors that act in the nucleus to activate expression of anti-apoptotic genes, including the B-cell lymphoma 2 (BCL2)-family members BCL2, BCLX and induced myeloid leukemia cell differentiation protein Mcl-1 (MCL1) \[[@bib94], [@bib95], [@bib96], [@bib97]\]. Both ERα and ERβ are also present within the mitochondria, where they bind to mitochondrial DNA and ETC subunits, and mediate reduced ROS production in response to estrogen \[[@bib98], [@bib99], [@bib100]\].Fig. 2Cellular targets for estrogen function in response to oxidative and proteotoxic stress. In the ovary, the somatic follicle cells of maturing oocyte follicles produce the majority of circulating estrogens, of which 17β-estradiol is the most active, and here referred to as estrogen. In the target cell, estrogen binds to receptors ERα and ERβ, and the activated receptors directly activate membrane and cytoplasmic signaling cascades. These include the rat sarcoma (RAS)/rapidly accelerated fibrosarcoma (RAF)/p38MAPK/PI3K/AKT cascade, which inactivates FOXO-family transcription factors, and the cAMP/PKA/CREB cascade which activates the CREB transcription factor. In addition, there is significant cross-talk between these signaling cascades and others regulated by estrogen, including p53, JNK and extracellular signal-regulated kinase (ERK). In the nucleus, ERα, ERβ, FOXO and CREB transcription factors activate expression of genes involved in regulation of apoptosis, proteostasis, redox state, and autophagy. Activated ERα and ERβ also translocate to the mitochondria where they activate expression of mitochondrial-encoded genes including cytochrome C, as well as interacting with components of the ETC. Estrogen also interacts directly with the mitochondrial membrane to modulate membrane microviscosity, and has been reported to act directly as an antioxidant to detoxify lipid peroxyradicals. Please see text for additional details.Fig. 2

Estrogen acts through ERα to upregulate expression of nuclear factor E2-related factor 2 (Nrf2), which is a key transcriptional activator of proteostasis and oxidative stress response genes \[[@bib101], [@bib102], [@bib103]\]. These Nrf2 targets include multiple proteasome subunits, the autophagy regulator p62, the mitochondrial LON protease, NAD-dependent deacetylase sirtuin-3 mitochondrial (SIRT3), peroxidase and glutathione peroxidase \[[@bib104],[@bib105]\]. Activated ERβ also transcriptionally upregulates expression of SIRT3 \[[@bib106]\]. SIRT3 protein translocates to the mitochondria where it activates MnSOD enzyme to increase detoxification of superoxide radicals \[[@bib107]\].

Estrogen itself can also have direct effects in the mammalian cell. Estrogen is reported to directly interact with muscle mitochondria to modulate mitochondrial membrane microviscosity, optimize bioenergetic function, and reduce the potential for hydrogen peroxide release \[[@bib108]\]. Under homeostatic conditions estrogen-activated ERα can promote insulin sensitivity through AKT/FOXO signaling \[[@bib109], [@bib110], [@bib111]\], however, under conditions of abnormally high estrogen levels (hyperestrogenemia), estrogen can directly bind and inhibit the insulin receptor and may promote insulin resistance \[[@bib112]\]. Finally, estrogen has been reported to act directly as an antioxidant by donating a hydrogen atom from its phenolic hydroxyl group to lipid peroxyradicals, however the relevance of this activity in vivo remains unclear \[[@bib113]\].

In male mammals, the circulating steroid testosterone is produced by the testes. In target cells, testosterone binds to the androgen receptor (AR) and modulates signaling pathways at the cell membrane and in the cytoplasm, including the MAPK/PI3K/AKT signaling cascade \[[@bib114]\]. AR also acts in the nucleus as a transcription factor, and is localized to the mitochondria \[[@bib115],[@bib116]\]. In response to oxidative stress, activated AR can be either anti-apoptotic or pro-apoptotic depending on the cellular context \[[@bib117],[@bib118]\], and beneficial effects may be preferentially observed in male cells \[[@bib119]\]. Testosterone is also reported to favor cell survival through direct effects on the mitochondrial membrane \[[@bib120]\]. One possibility is that one or more of the sex-specific genetic mechanisms discussed above (sex chromosome composition, dosage compensation, mother\'s curse, Fisher\'s principle, etc.) are required to create a permissive cellular environment for the respective sex steroids to exhibit a beneficial effect. Finally, whereas both estrogen and testosterone can have beneficial effects in the short term, they may also promote aging-related loss of stress resistance by activating insulin/insulin-like growth factor signaling (IIS) and target of rapamycin (TOR) signaling, thereby inhibiting mitochondrial turnover and long-term mitochondrial maintenance \[[@bib58]\].

10. Sex differences in the regulation of autophagy {#sec10}
==================================================

Autophagy is differentially regulated by sex, and this contributes to sex differences in stress response \[[@bib121],[@bib122]\]. Autophagy (macroautophagy) is a cellular "self-eating" process that degrades large protein aggregates, bulk cytoplasm and damaged organelles, including ribosomes and mitochondria \[[@bib123],[@bib124]\]. These materials become enveloped by a double membrane (the autophagosome) which subsequently fuses with the lysosome to introduce degradative enzymes. Rodents show sex differences in autophagy markers and autophagy levels that vary by tissue \[[@bib125],[@bib126]\], and increased autophagy markers were observed in male rat heart and liver \[[@bib127]\]. Autophagy is also differentially regulated by sex in cancer \[[@bib128]\]. Cancer in humans is associated with cachexia, involving loss of fat and muscle tissue, and this effect is greater in males. In a mouse cancer model, cardiac atrophy was associated with increased autophagy, whereas in females, estrogen signaling inhibited cardiac autophagy and atrophy. In rodent models of iron-induced brain injury, estrogen signaling through receptor ERα suppressed autophagy, leading to less severe brain injury in females relative to males \[[@bib129],[@bib130]\]. Whereas autophagy is generally thought to be protective under normal conditions \[[@bib123],[@bib124]\], the data indicate that upon specific stress, estrogen inhibition of autophagy limits damage in females relative to males.

11. Sex differences in invertebrate stress response {#sec11}
===================================================

In *Drosophila melanogaster*, virgin females show a survival advantage relative to males for most stresses tested, including heat stress, oxidative stress (dietary paraquat and H~2~O~2~), ionizing radiation (IR) stress and starvation stress \[[@bib66],[@bib131], [@bib132], [@bib133], [@bib134], [@bib135], [@bib136], [@bib137], [@bib138]\]. The conserved stress response genes *p53* and *foxo* show sex differences in activity in Drosophila. Under normal conditions, and upon IR stress, *p53* favored the survival of males but was detrimental to the survival of females \[[@bib138]\]. The *foxo* target genes *l(2)efl* and *4E-BP* were expressed at higher level in males relative to females, and this preferential male expression required functional *foxo* \[[@bib139]\], suggesting greater *foxo* transcription factor activity in males. Finally, modulating the sexual differentiation of the Drosophila fat-body tissue in the head, using targeted expression of *transformer* (*tra*), caused sex-reversals in the patterns of locomotor behaviors and heart rate in response to paraquat \[[@bib140]\].

Adaptation to stress also shows sex differences in Drosophila. For example, heat stress adaptation was greater in males relative to females \[[@bib132],[@bib141]\]. Certain stress adaptations were observed only in one sex in Drosophila. For example, Drosophila females, but not males, could adapt to hydrogen peroxide stress \[[@bib65]\], whereas Drosophila males, but not females, could adapt to paraquat stress \[[@bib66]\]. Notably, RNAi-mediated inhibition of expression of the proteasome subunit gene *prosβ1* eliminated adaptation to hydrogen peroxide in the female, indicating the importance of the 20S Proteasome \[[@bib65]\]. Strikingly, Drosophila was found to have sex-specific expression of protein isoforms of the mitochondrial Lon protease that correlated with sex-specific stress adaptation \[[@bib66]\]. RNAi-mediated inhibition of expression of Lon eliminated hydrogen peroxide adaptation in the female, and also eliminated adaptation to paraquat stress in the male, revealing a requirement for Lon for oxidative stress adaptation in each sex. Forced over-expression of the female-specific transcript of the gene *tra* transforms males in pseudo-females, and this produced the female-specific pattern of Lon isoform expression and conferred adaptation to hydrogen peroxide stress. In turn, RNAi-mediated inhibition of *tra* expression transforms females into pseudo-males, and this produced the male pattern of Lon protein isoform expression and conferred adaptation to paraquat stress \[[@bib66]\]. These results demonstrate that the Drosophila sex determination pathway regulates sex-specific expression of Lon protein isoforms, as well as sex-specific patterns of oxidative stress adaptation. Several genes have been implicated as being required for IR stress adaptation in Drosophila*,* including *GADD45*, *p53*, *HSF*, and *foxo*, and notably, NAD-dependent deacetylase sirtuin 2 (*Sir2*) appeared preferentially required in females, and c-Jun N-terminal kinase (*bsk or JNK)* preferentially required in males \[[@bib142],[@bib143]\].

*C. elegans* also shows sex differences in stress resistance. In the *C. elegans* Bristol N2 strain, males in isolation live longer than females, and males also show greater survival upon long-term anoxia \[[@bib144],[@bib145]\]. In *C. elegans* hermaphrodites, adaptation to heat stress was associated with increased expression of the small heat shock protein HSP16, and required HSF, DAF-16/Foxo, the autophagy pathway, and the *C. elegans* phosphatase and tensin (PTEN) homolog DAF-18, which is a conserved negative regulator of insulin-like signaling \[[@bib146], [@bib147], [@bib148]\].

The copepod *Tigriopus californicus* lacks canonical sex chromosomes, and sex is determined by multiple segregating autosomal alleles \[[@bib1]\]. *T. californicus* showed greater stress resistance in females for a variety of stressors, including heat stress, salinity, copper and bisphenol A (BPA) \[[@bib149],[@bib150]\]; however, stress adaptation has not yet been tested.

12. Sex differences in cellular stress responses and stress adaptation {#sec12}
======================================================================

In mammals, stress responses are regulated in part by sex differences in the levels of steroid hormones, including estrogen, which is greater in females, and testosterone, which is greater in males, through the cellular mechanisms discussed above. In humans, women are found to have reduced markers of oxidative stress relative to men, consistent with greater generation of oxidative stress in men \[[@bib151]\]. Estrogen is implicated in this female advantage, and up-regulation of glutathione metabolism by estrogen has been suggested as a possible factor in the greater resistance of human female newborns to diseases associated with oxidative stress \[[@bib152]\]. Estrogen is reported to favor stress resistance in both neural and muscle tissues, including the heart and skeletal muscle, in part through its ability to inhibit apoptosis \[[@bib153], [@bib154], [@bib155]\]. For example, in cultured rat cardiomyocytes subjected to hypoxia/reoxygenation stress, estrogen favored survival by inhibiting phosphorylation of p53 by p38alpha MAPK, and by inhibiting p53 translocation to the mitochondria \[[@bib156]\]. As discussed above, estrogen can also be beneficial upon acute stress through inhibition of autophagy. Testosterone is also reported to favor stress resistance and to be neuroprotective upon ischemic stroke \[[@bib157]\]. However, testosterone is also reported to exacerbate oxidative stress in certain models \[[@bib151]\]. One possible contribution to the conflicting results observed with testosterone is that beneficial effects may be preferentially observed when using male cells \[[@bib119],[@bib157]\]. Both estrogen and testosterone are implicated in activation of MAPK/PI3K/AKT/TOR signaling pathways, which promote growth and sexual differentiation, but also inhibit autophagy. Hormonal inhibition of autophagy can be beneficial to health by limiting loss of cells in bone and other tissues, as discussed above, but may also decrease mitochondrial turnover important for longevity \[[@bib58],[@bib121],[@bib158],[@bib159]\].

Women are more resistant to ischemic stroke than are men, and this sex difference is reproduced in mouse models \[[@bib160]\]. Mouse studies show that circulating gonadal estrogen is protective, but that the second X chromosome has a detrimental effect that becomes evident after reproductive senescence \[[@bib161]\]. Female brains have more favorable antioxidant status, whereas male brains show greater oxidative stress upon injury. In a mouse model of ischemic brain injury, male cells die through a caspase-independent, poly \[ADP-ribose\] polymerase (PARP)-dependent programmed cell death pathway called parthanatos \[[@bib162]\], whereas female cells die through a caspase-dependent pathway. These studies suggest the potential for sex-specific interventions in ischemic disease \[[@bib160]\].

The p53 transcription factors is a conserved regulator of stress responses and apoptosis across species, and is implicated in mediating sex differences in stress response and cell survival \[[@bib118],[@bib163]\]. P53 promotes apoptosis in part through regulation of mitochondrial ROS production and mitochondrial membrane integrity. Mitochondria are key regulators of apoptosis in response to stress, through production of pro-apoptotic reactive oxygen and nitrogen species, and through the release of pro-apoptotic factors, including cytochrome C, allograft inflammatory factor 1 (AIF1) and endonuclease G mitochondrial (EndoG) \[[@bib86]\]. For example, in mammalian fetal germ cells, male cells underwent p53-dependent apoptosis upon low-level IR stress, whereas female cells underwent apoptosis only with higher-level IR stress, and this apoptosis was p53-independent \[[@bib164]\].

A major difference between the sexes is longevity. Females typically outlive males in several species, including Drosophila and humans \[[@bib7],[@bib18],[@bib165],[@bib166]\]. In contrast, in birds, where the female is the heteromorphic sex (Z/W), males are generally longer lived. Genetic and dietary manipulations of life span often show sex-specific or sex-biased effects in various species \[[@bib3],[@bib7],[@bib167], [@bib168], [@bib169], [@bib170]\]. However how sex-determination pathways modulate survival is difficult to test. In Drosophila, adult-specific over-expression of several sexual differentiation genes decreased both male and female life span \[[@bib171]\], and as discussed above, Drosophila stress adaptation is regulated in a sex-specific manner by *tra*. A differentiated germ-line has been found to modulate life span in Drosophila, *C. elegans* and mice \[[@bib171], [@bib172], [@bib173]\]. In *C. elegans*, inactivation of the sex-determining gene *tra-1* led to shortened lifespan, whereas its overexpression resulted in increased survival that was dependent upon the stress-responsive transcription factor DAF-16 (the orthologue of mammalian FOXO) \[[@bib174]\]. Dietary restriction (DR), which can be considered a metabolic stress, increases life span preferentially in females in both *C. elegans* and Drosophila \[[@bib175], [@bib176], [@bib177]\]. Taken together, these findings support the conclusion that the sexual differentiation pathway modulates both stress resistance and life span across species.

13. Sex differences in disease involving oxidative and proteotoxic stress {#sec13}
=========================================================================

Women are more resistant than men to several diseases involving oxidative stress, including ischemic heart disease \[[@bib178], [@bib179], [@bib180]\] and ischemic stroke \[[@bib181], [@bib182], [@bib183]\]. Estrogen is implicated in mediating much of this advantage, however, as discussed above, studies with cultured cells indicate that cell-autonomous mechanisms also contribute to the resistance of female cells to oxidative stress-induced apoptosis ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Summary of mammalian female advantage in cellular stress resistance. The major genetic and physiological features that contribute to the human female advantage in resistance to oxidative and proteotoxic stress are diagrammed. Arrow indicates activation, and t-bars indicate suppression. Please see text for additional details.Fig. 3

Alzheimer disease involves the abnormal accumulation and aggregation of amyloid protein in the brain \[[@bib184]\], and preferentially affects women relative to men \[[@bib185],[@bib186]\]. The precise causes remain unclear; however, several mechanisms have been implicated. These include age-related decrease in mitochondrial function \[[@bib187]\], metabolic aging \[[@bib188]\], age-related decrease in autophagic clearance of protein aggregates \[[@bib189],[@bib190]\], decreased brain vascular function and blood flow \[[@bib191],[@bib192]\], and maladaptive immune/inflammatory response \[[@bib193],[@bib194]\]. The immune/inflammatory component may be particularly relevant to the sex differences and is potentially related to the female propensity towards maladaptive immune response and autoimmune disease discussed above.

Parkinson disease also involves the abnormal accumulation and aggregation of protein in the brain, and preferentially causes the malfunction and loss of dopaminergic neurons. Men are twice as likely to develop Parkinson disease relative to women, however, women experience faster progression of the disease and greater mortality \[[@bib195]\]. Estrogen has been implicated in the female resistance to disease, as well as the greater mitochondrial electron transport chain function and reduced levels of mitochondrial damage and ROS production in women relative to men.

Finally, amyotropic lateral sclerosis (ALS) is associated with superoxide dismutase 1 (SOD1) mutations in familial ALS \[[@bib196]\]. ALS preferentially affects males, and the ALS-associated mutant form of SOD1 (G93A) was preferentially toxic to male cells when expressed in cultured rat neurospheres \[[@bib197]\].

14. Summary/conclusions {#sec14}
=======================

Sex differences in oxidative and proteotoxic stress response are common, and are related to sex differences in the incidence and severity of diseases involving oxidative and proteotoxic stress. Mechanisms for sex differences in stress response involve both cell non-autonomous effects (hormones), as well as cell-autonomous effects including sex chromosome gene expression ([Fig. 3](#fig3){ref-type="fig"}). In the future, it will be important to further investigate these mechanisms, as a guide for the development of sex-based interventions for human disease.

Abbreviations used {#appsec1}
==================

ALSamyotropic lateral sclerosis*Dmrt1*doublesex- and mab-3-related transcription factor 1HSFheat shock factorHSPheat shock proteinSAPsexual antagonistic pleiotropyMAPKmitogen-activated protein kinasePCDprogrammed cell deathlncRNAlong non-coding RNAPcGpolycomb-groupROSreactive oxygen speciesIISinsulin/insulin-like growth factor signalingETCelectron transport chainIRionizing radiationPARPpoly \[ADP-ribose\] polymerase
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